It is also found that the total dissociation into three fragments, Au + +H+H, is the dominant reaction channel for energies above the H 2 dissociation energy. This results from a well in the entrance channel of the potential energy surface, which enhances the probability of H-Au-H insertion. Bond first evaluated gold and gold alloy catalysts and their activity for hydrogenation. 1 Subsequent work focused on the reactivity of gold. 2, 3 In 1987, Haruta et al. 4 observed experimentally that gold nanoparticles catalyze the oxidation of CO at low temperatures. After this, it has been shown that gold becomes active for many reactions when stabilized in the form of nanoparticles, even more than platinum group metals (PGMs) (Ref. 5) in selective oxidation reactions.
Intense work has focused on the reactivity of neutral and charged gold clusters, isolated as well as supported on different substrates. 6 Reactivity is intimately connected to the electronic structure and geometry of the cluster, and gold nanoparticles present a very interesting variety of forms, 7 such as nanowires, 8, 9 planar (2d) clusters, [10] [11] [12] and cages. 13, 14 The peculiar reactivity of gold is attributed to important relativistic effects, which makes the 6s and 5d orbitals become closer in energy than in other coinage atoms allowing efficient sd hybridization. 15 The mechanism of molecular hydrogen dissociation on small models of gold chains has been studied, showing minimum energy paths (MEP) with no barrier. 16 Recently, the effect of the size, geometry, and charge of small planar gold clusters on the dissociation barrier of H 2 has been studied. 17 It was found that H 2 is preferentially attached to sites with positive charge densities. The presence of such potential wells was found to be a necessary requirement for reaction to occur. This factor favors the reactivity of cationic clusters. However, a second requirement involves curve crossings with excited electronic states, which determines the height of the H 2 disa) Author to whom correspondence should be addressed. Electronic mail:
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sociation barrier. This crossing allows those anionic species with positive charge density sites to present lower barriers than neutral or cationic species. These charge and curve crossing effects can be studied in more detail in the case of one gold atom. This allows the accurate determination of the potential energy surfaces (PES) of the ground and excited electronic states, and the comparison with detailed gas-phase experimental results. [18] [19] [20] Recently, it has been shown that a single neutral gold atom in the ground electronic state presents very high barriers for H 2 dissociation. 21 The PES of the ground state presents a potential well high in energy, considered as a precursor of the chemisorption well appearing in gold nanoparticles and originating from several curve crossings. Particularly interesting is the recent experimental study 22 of the Au + + H 2 → AuH + + H reaction, and its isotopologues, HD and D 2 . This system provides a good benchmark to analyze the effect of the positive charge in this reaction from a theoretical point of view. This work presents a detailed study of this reaction by developing a global PES based on highly accurate ab initio points and determining the cross sections for the different reaction channels using quasi-classical trajectory (QCT) calculations.
The ab initio calculations are performed with the MOLPRO suite of programs 23 using same methods (MC-SCF/ic-MRCI) and basis set 24 than in our previous work on the neutral AuH 2 system. 21 The 0 K dissociation energies of H 2 for H 2 and 2.13 ± 0.11 for AuH + , 22 where the latter value is slightly higher than the lower limit obtained from reaction with CH 4 (>1.94 ± 0.08) eV. 25 We can then conclude that the present calculations are of sufficient accuracy to describe the PES. About 9043 ab initio points have been calculated in a grid in Jacobi reactants coordinates, as described previously. 21 The ab initio icMRCI+Q energies for the ground electronic state of AuH + 2 , 1 A , has been fitted using the GFIT3C procedure. 26, 27 The overall rms error of the fitted PES is 0.06 eV.
An approximate MEP is shown in the left top panel of Fig. 1 as a function of the distance, R, between Au + and the center of mass of H 2 , in which the H-H distance, r, corresponds to that of the minimum energy, and the angle, γ , between r and R vectors is set equal to π/2. The PES shows a well of ≈0.91 eV in the entrance channel, which is more clearly displayed in the contour plots of the PES shown in the lower panels of Fig. 1 and is very similar to that reported in Ref. 22 of 0.87 eV. Also, in the right top panel, the potential for the two diatomic species is shown, showing the large difference of dissociation energies, D e , equal to the endothermicity of the Au + + H 2 → AuH + + H reaction, when the zero-point energy of the diatomic fragments are not taken into account.
The well of the entrance channel has an important contribution from the charge-quadrupole interaction between Au + and H 2 and does not exist in neutral AuH 2 which only presents a H-Au-H insertion well. 21 Small planar gold clusters also present a well in the entrance channel at sites with a deficit of electronic density, associated with local positive charges. 17 Such sites can also occur in neutral and anionic systems, as a consequence of the polarization of the electronic density in gold clusters.
The characteristics of the insertion well with charge of the AuH 2 system can be understood by considering the low energy orbitals. The 6a 1 orbital, which is largely Au(6s), is the LUMO in Au + -H 2 , whereas Au+H 2 and Au − +H 2 have 1 and 2 electrons in the 6a 1 orbital, respectively. The energy of this orbital crosses with that of the 3b 2 orbital, largely H 2 (σ u ) with contributions from Au(6p x ), when the gold atom approaches H 2 . At the crossing, which is avoided in C s symmetry, the neutral and anionic systems show a barrier. After this barrier, these electrons move to the 3b 2 orbital, whose energy decreases as R distance decreases. The stabilization of the anion is larger than the neutral, with 2 electrons in this 3b 2 orbital, leading to a deeper H-Au-H insertion well, ≈0.25 eV below the Au − +H 2 asymptote. For the cation, the well in the entrance channel extends to something close to an insertion well visible near R = 1 Å and r = 2 Å that can be seen in Fig. 1 . The H-Au-H angle in the entrance well is 27.2
• in very good agreement with that given in Ref. 22 . These plots also show that the linear configuration with Au + in between the two H atoms is not stable. In the neutral, the situation is somewhat intermediate: the well does not appear in the entrance channel, the linear H-Au-H species is not stable, but a shallow insertion well having a bent geometry appears. It could be argued that this situation is a result of the different occupation numbers of the 6a 1 /3b 2 orbital, unoccupied for the cation and with 1 and 2 electrons in the case of the neutral and anion.
The Au + + H 2 (v = 0, j = 0) → AuH + + H reaction, and deuterated variants, are studied using the QCT method because the reaction is very endoergic, such that high translational energies are required for reaction to occur. The initial conditions are determined using a standard Monte Carlo sampling method introduced by Karplus et al. 28 The impact parameter is initially set in the interval of 0-1.9 Å, and the distance between center of mass of reactants is set to R = 10 Å. The 500 000 trajectories are propagated for each collision energy, from 2.5 up to 8.5 eV, in steps of 0.1 eV. The trajectories are stopped when the distance between any pair of atoms is larger than 20 Å. The products fragments are then assigned as H 2 , AuH + , and AuD + diatomic fragments, or to total dissociation, Au + +H+H. This is performed by first analyzing if the distance and energy for any pair of atoms are below a given threshold, typically 10 a.u. of distance and the corresponding diatomic dissociation energy, respectively. Once the final products are assigned, the probabilities and cross sections for each event are obtained.
The cross sections obtained for each of the isotopic variants are shown in Fig. 2 and compared with the experimental ones of Ref. 22 (obtained under single collision conditions) in absolute units. The agreement is good, but the theoretical cross sections show a threshold at higher energy, such that they are narrower as well. This reflects the fact that the theoretical threshold energy of 2.65 eV is 0.3 eV above the experimental one. 22 Furthermore, experimental results are broadened by several effects. Among them, the kinetic energy distributions of the reactants are the most important and possible to model experimentally. The distribution of Au + kinetic energy is nearly Gaussian and has a typical full width at half maximum between 0.3 and 1.0 eV in the laboratory frame, which is <0.02 eV in the center-ofmass frame. 22 Likewise, although the neutral reactants can have energy from rotations, this is on the order of k B T at 300 K or 0.03 eV. The most significant contribution to the experimental broadening is the thermal motion of the light neutral reagents or Doppler broadening. 29 We account for this by explicitly convoluting the QCT results with the kinetic and internal energy distributions of the reactants using the data analysis program CRUNCH. 30 These convoluted cross sections are shown as red lines in Fig. 2 . The agreement between experiment and simulations improves, both with respect to the maximum magnitude of the cross section and the apparent energy threshold. As noted above, the remaining differences may be attributed to errors in the determination of the dissociation energies of the diatoms, see Fig. 1 . This energy threshold difference can be approximately accounted for using a simple line-of-centers like form, σ (E) = σ 0 (E -E 0 )
n /E, coupled with a simple model previously described for the probability of further dissociation of the AuH + (AuD + ) products to Au + +H (D). 30 The best reproduction of the QCT results yields values of the parameter n very close to those found to reproduce the experimental results, namely, n = 1.5 -1.6. 22 Using this model, with n = 1.5 − 1.6 and the experimental E 0 value (0.3 eV lower than the ab initio one), together with the convolution procedure described above, the results reproduced the experimental points very well. In this comparison, a difference in the scaling factor (σ 0 ) of factors of 0.70 and 0.82 is needed to reproduce the absolute experimental results for H 2 and D 2 , respectively. The difference between these two scaling factors is attributed to the experimental results, because the QCT cross sections for the two systems are essentially of the same magnitude. As discussed in the experimental paper, 22 the differences are just within the overall 20% uncertainty intrinsic to the absolute cross section measurements.
For the Au + + HD reaction, the agreement in the branching ratio between the two products channels is again very good. It is clearly more favorable to form AuH + than AuD + fragments. This situation is typical in atomic ion reactions with HD and has been explained in detail in Refs. 20 and 31. For electronic configurations having an empty valence s orbital, the relative yields of MH + versus MD + products is controlled by angular momentum conservation, which favors formation of the product channel having the larger reduced mass, AuH + +D, compared to that of AuD + +H. In the present simulation, the PES cannot distinguish between H and D atoms, in agreement with the idea that the branching ratio is controlled by a dynamical effect.
Above the threshold for total dissociation, ≈4.5 eV, it is possible to fragment the whole system into three atoms. The simulated cross section for the Au + + H 2 → Au + +H + H process and isotopic variants are shown in Fig. 3 . In all cases, the total fragmentation cross section increases very rapidly above this threshold and becomes dominant for energies above 5.5 eV, with a probability >50% for impact parameters b max < 1.8 Å considered here for reactive collisions. In the case of Au + +HD, the total fragmentation cross section increases more slowly, the AuH + channel becoming more probable as can be seen from cross sections shown in Fig. 2 . Because the PES is the same for all three systems, the only thing that changes is the mass, specifically the D atom neutral product can carry away more energy in translation than the lighter H atom product.
One final question to address is why the total fragmentation process is so favorable. H 2 is small and tightly bound, such that it seems improbable that a big heavy atom such as gold could break it efficiently. A priori, one might expect that a collision is more likely to transfer the kinetic energy to the H 2 as a whole, without breaking it. The reason for the efficient dissociation can be understood from the presence of the potential well in the entrance channel. This well is deeper for T-shaped configurations, such that the H 2 reorients when Au + atom arrives. Thus, Au + directly collides with the centerof-mass of the H 2 and, at the high energies considered, allows the system to arrive at the H-Au + -H insertion configuration, in which H 2 is already dissociated.
To emphasize this relationship, the same kind of calculations have been performed for neutral Au+H 2 , whose PES does not contain the entrance well, but only the insertion HAu-H well, as described previously. 21 In this case, as shown in Fig. 3 , the total fragmentation mechanism becomes less favorable, and its cross section increases more slowly with energy. A similar situation holds for the reaction probability, which increases continuously up to 40% for 8.5 eV. Because this system also contains a deeper insertion well, it could conceivably result in a higher total fragmentation cross section. However, this is not the case, indicating that the stronger interaction in the entrance channel for the Au + case leads to the more efficient dissociation.
